The mining and production of nickel in tropical regions have the potential to impact on ecologically valuable tropical marine ecosystems. Currently, few data exist to assess the risks of nickel exposure to tropical ecosystems and to derive ecologically relevant water quality guidelines. In particular, data are lacking for keystone species such as scleractinian corals, which create the complex structural reef habitats that support many other marine species. As part of a larger study developing risk assessment tools for nickel in the tropical Asia-Pacific region, we investigated the toxicity of nickel on fertilisation success in three species of scleractinian corals: Acropora aspera, Acropora digitifera and Platygyra daedalea. In the literature, more data are available on the effects of copper on coral fertilisation, so to allow for comparisons with past studies, the toxicity of copper to A. aspera and P. daedalea was also determined. Overall, copper was more toxic than nickel to the fertilisation success of the species tested. Acropora aspera was the most sensitive species to nickel (NOEC < 280 µg Ni/L), followed by A. digitifera with an EC10 of 2000 µg Ni/L and P. daedalea (EC10 > 4610 µg Ni/L). Acropora aspera was also the more sensitive species to copper with an EC10 of 5.8 µg Cu/L. The EC10 for P. daedalea was 16 µg Cu/L, similar to previous studies. This is the first time that the toxicity of nickel on fertilisation success in Acropora species has been reported, and thus provides valuable data that can contribute to the development of reliable water quality guidelines for nickel in tropical marine waters. The mining and production of nickel in tropical regions have the potential to impact on ecologically 16 valuable tropical marine ecosystems. Currently, few data exist to assess the risks of nickel exposure 17 to tropical ecosystems and to derive ecologically relevant water quality guidelines. In particular, data 18 are lacking for keystone species such as scleractinian corals, which create the complex structural reef 19 habitats that support many other marine species. As part of a larger study developing risk 20 assessment tools for nickel in the tropical Asia-Pacific region, we investigated the toxicity of nickel 21 on fertilisation success in three species of scleractinian corals: Acropora aspera, Acropora digitifera 22 and Platygyra daedalea. In the literature, more data are available on the effects of copper on coral 23 fertilisation, so to allow for comparisons with past studies, the toxicity of copper to A. aspera and P. 24 daedalea was also determined. Overall, copper was more toxic than nickel to the fertilisation success 25 of the species tested. Acropora aspera was the most sensitive species to nickel (NOEC <280 µg Ni/L), 26 followed by A. digitifera with an EC10 of 2000 µg Ni/L and P. daedalea (EC10 >4610 µg Ni/L). 27
Introduction 37
The global demand and production of nickel is steadily increasing at an average rate of 5% per 38 annum (INSG, 2016) In 2015, the Philippines, New Caledonia and Indonesia were three of the top four producers of nickel 44 worldwide, producing 23%, 8% and 7% of global nickel, respectively (U.S. Geological Survey, 2016). 45
Mining, smelting and transport of nickel ores within tropical Asia Pacific occurs in coastal regions of 46 relatively small island nations, providing the potential for these activities to impact the local marine 47 environment. Many of these nations have few environmental monitoring data and rudimentary 48 regulatory frameworks, which limit the ability to protect tropical marine ecosystems (Mokhtar et al., 49 2012; Reichelt-Brushett, 2012). 50
The Asia-Pacific region comprises many unique and highly valuable ecosystems. As a result of the 51 high seawater temperatures and maximum solar irradiation close to the equator, biodiversity of 52 tropical marine species is highest within the tropical Asia Pacific (Hoeksema, 2007) . In fact, the 53 centre of coral reef biodiversity, which has been termed the Coral Triangle, includes eastern 54 Indonesia, Malaysia, the Philippines, Timor-Leste, Papua New Guinea and the Solomon Islands 55 (Wilkinson et al., 2016) . The Coral Triangle supports 76% of the world's total coral species, with over 56 550 species of hard corals, of which at least 15 species are endemic to the region (Veron et Caledonia, the concentration of nickel in suspended matter was >7000 mg/kg, thought to have been 64 delivered to the lagoon via natural and mining-related terrigenous inputs (Fernandez et al., 2006) . 65
While this nickel was in particulate form, and likely to be less available for accumulation by biota, the 66 increased and long term input of this terrigenous material may increase the exchangeable fraction of 67 metal from the sediment to the water, which may become bioavailable and be absorbed by local 68 organisms (Fernandez et al., 2006) . Dissolved nickel concentrations around the Indo-Pacific have 69 4 th and Acropora colonies spawning on the 5 th (7 and 8 nights after the October full moon 157 respectively). The nominal nickel concentration range for P. daedalea was 100, 500, 1000, 2500, 158 5000 µg Ni/L, and the range for Acropora species was 300, 1000, 2500, 5000, 10000 µg Ni/L. The 159 concentration range for copper was the same for both species tested-, 10, 20, 40, 80 µg Cu/L 160 (nominal). 161
Immediately after spawning, egg sperm bundles were collected from each colony and were 162 separated by gently washing with SFSW and a 120 µm plankton mesh filter was used to separate the 163 eggs and sperm. Test crosses were set up to ensure gametes from selected colonies were able to 164 cross-fertilise successfully, before being used in the fertilisation experiments. 165 Separate experiments were performed for each metal (nickel and copper). Four to five metal 166 treatments were set up alongside a control (SFSW), with five replicates per treatment. Bulk metal 167 treatment solutions were made at 2x the required concentration to account for dilution when added 168 to the test vials. One set of 20 mL test vials contained 4x concentrated sperm in 5mL of SFSW, to 169 account for dilution following addition of egg and treatment solution. The density of concentrated 170 spermatozoa was determined using a haemocytometer to calculate the volume required to achieve 171 a final concentration of ~ 2 x10 6 /mL in 20 mL of SFSW (following addition of egg and treatment 172 solutions). This concentration ensures ~80% fertilisation success in control treatments (Harrison and  173 Ward, 2001; Reichelt-Brushett and Harrison, 1999). In another set of 20 mL vials, ~100 eggs were 174 added into 5 mL of SFSW. Eggs were added, by glass pipette, to mini 48-well plates and 175 photographed. These photos were counted later to determine the exact number of eggs added to 176 each vial. Each treatment included five vials with sperm and five vials with eggs. Egg and sperm were 177 exposed separately by adding 5 mL of the metal solution to each vial to achieve the target nominal 178 concentration. Additional replicates were set up for physico-chemical measurements. All vials were 179 capped and allowed to incubate at room temperature (~25ᵒC) for 30 minutes. After this time, the 10 180 mL of dosed spermatozoa solution was transferred into the 10 mL of dosed egg solution, vials were 181 capped again, placed in large zip-lock bags and placed in 20 L tubs in the outdoor aquaria with strong 182 water flow and aeration to maintain temperature and to create water movement, providing optimal 183 conditions for successful embryo development (Harrison and Ward, 2001) . 184
An exposure duration of 5 h (excluding 30 minutes of separate egg/sperm exposure) was used, as 185 this has previously been found to be sufficiently long to achieve maximum fertilisation and to reach 186 early embryo stages that indicate successful fertilisation has occurred (Negri and Heyward, 2001 ; 187
Reichelt-Brushett and Harrison, 2005). After 5 h, vials were removed, physico-chemical parameters 188
were recorded, one replicate per treatment was selected to sub-sample for total and dissolved 189 metals, and then all vials were fixed with formalin (5 mL of treatment solution was removed from 190 each vial and replaced with 5 mL of 10% formalin). Fertilization success was observed by counting 191 the number of unfertilised eggs under a stereomicroscope. Unfertilised eggs were counted because 192 these had better structure than the fertilised eggs and enabled a more accurate assessment. The 193 number of fertilized eggs was calculated by subtracting the number of unfertilised eggs from the 194 number of eggs added at T=0. Fertilisation success was expressed as a % of control. 195
Chemical analyses 196
For all toxicity tests, 12-mL plastic syringes and 10-mL plastic vials were acid washed (10% v/v, 197 Tracepur; Merck) and rinsed with MQ in a semi clean room. All sub-samples were filtered through a 198 0.45-µm sterile filter (Sartorius Ministart® Syringe Filter, Germany) rinsed in clean seawater, into ICP 199 vials and acidified to either 0.2% (dissolved metals) or 2% (total metals) with nitric acid (Tracepur; 200 Merck). The vials were stored at 4ᵒC in the dark until analysis. All samples were analysed using 201 inductively coupled plasma-atomic emission spectroscopy (ICP-AES, 730ES, Varian). Concentrations 202 of metals were calculated from a matrix-matched calibration curve, using a serial dilution of an 203 internal mixed metal standard (metals included Ag, Al, As, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni were fitted to the data, including log-logistic models with 3 and 4 parameters (LL.3, LL.4), and two 215
Weibull models with 3 parameters (W1.3 and W2.3). The model of best fit was selected using the 216 Akaike Information Criterion (AIC) value (model of best fit had the lowest AIC value) and by visual 217 assessment of the curve (Table S2 ). The power of the drc package in R is that a suite of models can 218 be fitted to the data at one time, allowing for comprehensive analysis of concentration-response 219 data (Fox, 2016 in test vials over 5 h was low, between 0-5% (Table S4 ). There was no significant difference between 237 total and dissolved nickel, indicating that the nickel in the test solutions was in the dissolved phase 238 (data not shown). 239
Measured dissolved copper concentrations were within 46-67% of nominal values. This is attributed 240 to the loss of copper in test solutions to the glass vial walls, and potentially due to uptake by the 241 coral gametes over 5 h (Table S4 ). The difference between total and dissolved copper in test 242
solutions was between 4-23% (data not shown). 243
The fertilisation success for all three species met acceptability criteria (>80% fertilisation in controls, 244 Table 2 ). The least sensitive 250 species to nickel was P. daedalea; the NOEC was 920 µg Ni/L (Table 2 ). There was a very small but 251 significant effect on fertilisation at concentrations ≥920 ug/L ( Figure 1C ). The slopes of the nickel 252 concentration response curves for the three species were different; the slope for A. digitifera (Figure  253 1B) was steep, while for A. aspera and P. daedalea the slopes were more gradual (Figures 1 A and C) . 254 3.3. Toxicity of copper to corals -5 h fertilisation success 255
Copper was more toxic than nickel to coral fertilisation. Based on the EC10 values A. aspera was the 256 more sensitive species, with an EC10 (95% CL) of 5.8 (1.6-10) µg Cu/L compared to P. daedalea at 16 257 (14-18) µg Cu/L (Table 2) . At higher percentage effect levels, P. daedalea was more sensitive to 258 copper, with an EC50 of 28 (27-30) µg Cu/L compared to A. aspera (EC50 of 78 (36-121) µg Cu/L) 259 (Table 2) , although this value is an extrapolation beyond the highest concentration tested (54 µg 260 Cu/L). This is also shown in Figure 2 ; the slope of the concentration response curve for P. daedalea 261 (Figure2B) is much steeper than that of A. aspera (Figure2A). In toxicity tests with A. aspera 262 complete inhibition was not observed and at the highest concentration tested, fertilisation success 263 was >40% (Figure 2A ). In contrast, the highest concentration tested for P. daedalea was 37 µg Cu/L 264 resulting in fertilisation success of <30% ( Figure 2B) . The effect of nickel on the 5-h fertilisation success to corals varied among species, with A. aspera the 289 most sensitive, followed by A. digitifera and P. daedalea. The first species tested was P. daedalea 290 and the concentration range selected for this test was based on a previous study with the same 291 species also at Heron Island (Reichelt-Brushett and Hudspith, 2016). In the present study the In the present study, on the second night of spawning a higher concentration range of nickel was 309 selected to ensure the full response would be captured. Acropora aspera was the most sensitive 310 species with a NOEC value of <280 µg Ni/L, however, EC 5 and EC 10 values could not be calculated 311 because there were not two or more partial responses between the control and the NOEC. Acropora 312 digitifera was the next most sensitive species to nickel, with a NOEC value of 940 µg Ni/L and an EC 10 313 of 2000 µg Ni/L (Table 2 ). This is the first report on the toxicity of nickel to any Acropora species. 314
Given that the genus Acropora is the most widespread and contains the largest number of species of 315 reef-building corals (Wallace, 1999), including data for Acropora species increases the confidence of 316 nickel ecotoxicity thresholds that are applied to tropical marine ecosystems. 317
From the data reported in this study and two other studies investigating the effect of nickel on coral 318 fertilisation (Table 3) , it is evident that sensitivity of coral gametes to nickel is variable between 319 species, but also variation exists within populations of one species. There is only one other study 320 that has investigated the toxicity of nickel to early life stages of coral. Goh (1991) studied the effect 321 of nickel on larval survival and settlement in the coral Pocillopora damicornis, measuring effects 322 during a recovery period following exposure to nickel for 12-96 h. The LC 50 after a 40-h recovery 323 period was >9000 µg Ni/L. Settlement was a more sensitive endpoint, with significantly reduced 324 settlement rates after 9 days recovery from exposure to 1000 µg Ni/L (Goh, 1991). It is difficult to 325 make direct comparisons with the results obtained in the present study with that of Goh (1991) 326 because P. damicornis employs different reproductive strategies than corals of the genus Acropora 327 or Platygyra which are broadcast spawners that release eggs and sperm into the water column 328 (Harrison and Wallace, 1990). Pocillopora damicornis is a brooder; it broods sexually or asexually 329 generated larvae which are then released into the sea (Ayre et al., 1997). Additionally, different 330 types of exposures, endpoints and the age of the test organism were used among the studies. In 331 general it appears that early life stages of corals may be relatively insensitive to nickel, with most 332 effects observed above 1000 µg Ni/L. 333
There are few studies that report the concentrations of nickel in seawater around the Indo-Pacific 334 region (Table S1) (Table S1 ). However, at very polluted 341 sites, it is possible that fertilisation of coral gametes could be impaired at high nickel concentrations. 342
Toxicity of copper to coral fertilisation success 343
Copper is more toxic to coral fertilisation than nickel. The response to copper exposure is variable 344 between species, with effects on fertilisation success between 11-261 µg Cu/L (based on EC 50 values, 345 Table 3 ). The least sensitive species to copper is a soft coral, Lobophytum compactum (EC 50 261 µg 346 Cu/L) (Reichelt-Brushett and Michalek-Wagner, 2005); this is the only toxicity data available for a 347 soft coral. The EC 50 values for hard corals range from 11-145 µg Cu/L (Table 3) . 348
The results in this study for P. daedalea (EC 50 28 µg Cu/L) are similar to that of Reichelt-Brushett and 349
Hudspith (2016) Several other studies have assessed copper toxicity on fertilisation success in brain corals (Table 3) . found the coral P. acuta to be much less sensitive to copper with fertilisation success inhibited by 361 50% (EC 50 ) between 92 -145 µg Cu/L (based on nominal concentrations). This response may be due 362 to the coral colonies being pre-exposed to elevated concentrations of copper in seawater around 363
Hong Kong . 364
There are more data available on the effect of copper on fertilisation success in corals from the 365 Acroporidae family (Table 3) . Only one study for the coral M. capitata provided EC 10 estimates of 9 -366 15 µg Cu/L over three consecutive tests (Hédouin and Gates, 2013) . This is similar with our study 367 where fertilisation success in A. aspera was inhibited by 10% at 5.8 ( Our results and other published data show that there is considerable variability in the sensitivity of 381 corals to metals (Table 3 ). It is difficult to distinguish patterns among different families or groups of 382 corals due to the lack of sufficient data and the use of different test methods. However, in general it 383 appears that Acroporidae corals are more sensitive to nickel than brain corals, and the reverse is 384 found for copper. The sensitivity of a species to a metal contaminant is both species and metal 385 specific. The differences in toxicity of metals to coral gametes could be due to different gamete 386 ultrastructure and morphology, biochemical processes and underlying tolerances to stressors 387 between species (Harrison, 1990; Hudspith et al., 2017). To understand these differences in 388 sensitivities, further research into the mechanisms of metal toxicity on external invertebrate 389 fertilisation is required . 390
Some previous studies have assessed the effect of copper on coral embryo viability, larval survival, 391 motility or swimming activity and metamorphosis or settlement (Table 3 ). In this study we also 392 attempted to assess the effect of nickel and copper on embryo viability by continuing exposure of 393 gametes from fertilisation up to 10 h, and also larval survival from fertilisation up to 72 h. This was 394 only tested with P. daedalea for nickel. In the 10-h exposure no significant response was observed 395 (data not shown). There is only one other published study that has also continued exposure of 396 embryos to copper following fertilisation. Victor and Richmond (2005) exposed the gametes of A. 397 surculosa to copper and found that between 5 and 12 h, the EC 50 decreased nearly four times from 398 45 µg Cu/L to 11 µg Cu/L. In the present study, in experiments where larval survival was monitored 399 from fertilisation up to 72 h, no concentration response relationship was observed, although survival 400 in controls was >65% (Table S5, Figure S1 ). Investigating this endpoint further would require method 401 development, particularly around the issue of renewing treatment solutions to maintain optimal 402 water quality conditions. Based on the literature, larval survival does not appear to be more Key issues that need to be considered to harmonise methods include exposing eggs and sperm 456 together or separately, the egg-to-sperm ratio, the egg/sperm densities, the type of diluent/control 457 water used in the test and the duration of exposure . 458
Conclusions 459
We have shown that the sensitivity of coral gametes to metals is both species and metal specific. 460
Based on the data derived in this study and previous publications, copper is more toxic to coral 461 fertilisation than nickel; however the dataset for nickel is limited. In general the data reported in this 462 study are in good agreement with previous studies, however the sensitivity of coral gametes to 463 metals varies between individuals and spatially. This may be part of the natural variation and 464 plasticity of coral gametes development which may vary from year-to-year depending on the 465 conditions of the adult colony. Further research is required to understand the natural variability in 466 the sensitivity of coral gametes to metals between colonies of the same species, between species, 467 and differences over time and geographical location. 468
Future research should also investigate the toxicity of nickel to different life stages including coral 469 larvae and adult colonies and assess how in situ coral populations subjected to gradients of 470 contamination respond to metal exposure. It would be valuable to increase our understanding of 471 how nickel impacts the early stages of larvae settlement and metamorphosis and also how nickel 472 interacts with the coral animal and its associated microbiota, including the mutualistic 473
Symbiodinium. 474
The methodologies applied in this study meet the criteria established by government, industry and 475 regulators (e.g. use of ecologically relevant endpoints and measured metal concentrations) for the 476 use of high quality data in water quality guideline development. This study has provided the first 477 data on the toxicity of nickel to fertilisation success in corals of the genus Acropora. This, together 478 with the additional data for P. daedalea, can contribute to the inclusion of corals in the development 479 of ecologically relevant water quality guidelines for nickel in tropical marine waters. Table S2 . A list of the models and the corresponding Akaike Information Criterion (AIC) values used in the drc package in R. Four different models were fitted to each data set (species and metal). The model of best fit was chosen based on the lowest AIC value, and by visual assessment of the curve. The selected model was then used to determine toxicity estimates for each species and metal tested.
Species
Acropora 
